The purpose of this study was to examine the change in plaque area over nine days in vivo on four materials with different sinface freeenergies (s.f e.). Twelve healthy dental students participated in a crossover, split-mouth, double-blind study. Supragingivalplaqueformation was recorded over a nine-day period, on four different materials: fluorethylenepropylene (Teflon) (FEP), parafilm (PAR), cellulose acetate (CA), and enamel (E) with s.f. e. of 20, 26, 57, and 88 erg/cm2, respectively. Strips made from the first three materials were stack to the buccal surface of an upper incisor. The remaining incisor was carefully polished and served as an enamel surface. The increase in plaque was evaluated after three, six, and nine days. A planimetrical analysis was used so that the plaque area could be expressed as a percentage of the total buccal tooth surface. This procedure was repeated on each subject, so that at the end, each pair of central or lateral incisors received the four tested materials.
Introduction.
The formation of bacterial plaque is initiated by the adhesion of micro-organisms to the tooth surface, and is the first step in the development of periodontal infections (Newman, 1985) . Bacterial adhesion involves specific interactions between complementary surface components (Doyle et al., 1982; Weerkamp et al., 1984) , but also involves overall characteristics of the interacting surfaces, such as hydrophobicity (Rosenberg and Kjelleberg, 1986) , zeta potential (Olsson et al., 1976) , or surface free-energy (Absolom et al., 1983; Busscher and Weerkamp, 1987) .
In vitro studies have demonstrated that the cell surfaces of most oral micro-organisms possess a high s.f.e. , which suggests that their adhesion to high energy substrata would be favored on a thermodynamic basis . Streptococcus mitis and some Streptococcus milleri strains form an exception, since these strains possess a low s.f.e. cell surface, which would favor adhesion to low energy substrata . In vitro, thermodynamically favorable conditions for adhesion correspond with an irreversible adhesion in high numbers, whereas unfavorable conditions yield a reversible adhesion in small numbers Busscher et al., 1986a) .
Based upon the above-mentioned results, efforts to reduce the enamel surface free-energy would, in general, seem useful in order to limit the formation of bacterial plaque, since most bacteria in the oral cavity possess a high s.f.e. Weerkamp et al., 1989) . Clinically, however, complications may arise, because all surfaces exposed in the oral cavity rapidly adsorb salivary proteins, thereby changing the surface free-energies of the enamel as well as of the bacteria . Therefore, it seems doubtful whether surface-active components decreasing the enamel surface free-energy in vivo will actually have a long-lasting effect on bacterial adhesion and clinically relevant parameters such as plaque area.
The aim of this study was to determine in vivo the effect of substratum surface free-energy on plaque area in man.
Materials and methods.
Experimental design. -In a split-mouth, cross-over, doubleblind study, bacterial adhesion was followed longitudinally on four materials with different surface free-energies (s.f.e.). These included a polished buccal tooth surface (E), or strips (stuck on buccal tooth surfaces) made of fluorethylenepropylene (FEP), parafilm (PAR), or cellulose acetate (CA). Fourteen days prior to the experiment, the volunteers received a professional toothcleaning, and oral hygiene instructions, until clinically inflammation-free gingivae were achieved [mean S.B.I. of Miihlemann and Son (1971) 
Prior to the clinical trial, all teeth were cleaned by means of toothpicks and a toothbrush. Plaque removal was carefully controlled by the use of a 0.5% aqueous neutral red solution (Merck, Darmstadt, Germany) which is known to have no antibacterial effect (Morganstein and Ribbons, 1969) . Remaining plaque was removed with hand instruments. Subsequently, the buccal tooth surfaces of the upper front teeth were polished for 30 sec with an aluminum oxide paste (diameter of granules: 0.3 ALm). Any remaining polishing paste was removed by excessive rinsing. Finally, the teeth were cleaned with a piece of cotton wool soaked in 70% alcohol, followed by a second period of excessive rinsing.
The buccal surfaces of upper central and/or lateral incisors were used in these experiments. These surfaces remained intact, or a (2-3 mm by 4-6 mm) strip made of one of the abovementioned materials was attached to the tooth surface with cyanoacrylate glue (Hystoacrylg, B. Braun, Melsungen AG, Germany). The lips were kept away with spring retractors, and the examiner wore gloves to avoid any contamination of the strips during placement. The strips were centered and placed + 0.5 mm subgingivally. To ease the subgingival installation of the strips, we widened the gingival pockets slightly by means of dental floss. Since this procedure can enhance crevicular fluid production (Cimasoni, 1974) , and can thereby increase the plaque growth rate (Quirynen, 1986) , all examined tooth sites received the same manipulation.
The undisturbed plaque growth on the polished enamel surfaces and on the different strips was measured at zero time and after three, six, and nine days. At each visit, reproducible color slides of the buccal tooth surfaces of the selected teeth were made after plaque disclosure with 0.5% neutral red, as described previously (Quirynen et al., 1985) .
The area of plaque was calculated planimetrically from these color slides. To balance possible differences in plaque growth rate between central and lateral incisors, we applied the experimental design twice to each subject, so that at the end of the clinical trial each tooth type (central or lateral incisor) within each person received all four tested materials. This facilitated a comparison of the four materials in the same person on the same tooth type.
Subjects. -Twelve healthy dental students (eleven males and one female), aged 21 to 23, participated in the study. None of the participants used mouthrinses or had taken antibiotics in the year preceding the experiment. During the experiment, none of the students wore any orthodontic or prosthetic device. There were no signs of periodontitis or mouth-breathing. In this group, a total of 12 pairs of central teeth and 10 pairs of lateral teeth was selected. All selected teeth fulfilled the following criteria: no caries lesions or restorations, no erosions or enamel defects, no crowding of the teeth, a normally shaped dental arch, and very smooth surfaces. To obtain a comparable roughness between teeth and strips-mean Ra score of the strips was 0.15 pEm-out of a group of 150 students, we selected the students with the smoothest teeth, as scored clinically.
Calculation of s.f.e. -For the examination of the s.f.e. of the investigated materials, contact angles were measured in vitro with water, water/n-propanol mixtures, and oxbromonaphthalene, by means of the sessile drop method on the substrata listed in Table 1 (de Jong et al., 1982) . Subsequently, surface free-energies were calculated by least-square fitting of the measured contact angle data to the geometric mean equation, with spreading pressures taken into account (Busscher et al., , 1986b .
Planimetrical plaque area analysis. -After enlargement of the color slides up to 25x natural size, drawings were made of the outlines of tooth and strip, the gingival margin, and the area covered with plaque. Since the plaque growth at the edge of the strip could be influenced by the presence of remaining glue or by a rough border between tooth surface and strip, only the central parts of the strips were used. Therefore, for the intact tooth surface, as well as for each strip, a rectangular region with the same dimension was selected for the plaque examination. Special attention was paid to the fact that this region was kept at a minimal distance of 1 mm from each margin, and that its location was identical for the four materials. The presence of plaque was calculated by means of a planimeter (HAFF, GmbH Pfronten, Germany), as a percentage of the total selected area in a double-blind set-up.
Statistical analysis.-For the statistical analysis, only data from those teeth where all four materials could be tested were included.
For the examination of the differences in plaque growth between and among the four materials-with the influences of the co-variables taken into consideration-for each test day, an analysis of variance was performed with plaque growth as the dependent variable, with the four materials as treatment, and with tooth type, person, and period (nested in person) as block factors (Proc GLM procedure in S.A.S.). Because of the unbalanced design, the least-squares means-i.e., estimations of the population means (Milliken and Johnson, 1984 )were used as mean values. The four materials were also compared with each other by means of pair-wise t tests. Since this procedure was repeated several times, the level of significance used for interpretation was decreased to 0.01.
The correlation between the percentage of the nine-day plaque growth and the s.f.e. was scored by means of the Spearman rank correlation coefficient, neglecting the possible influence of the co-variables subject, tooth type, and period.
Results.
Loss of strips during experimental period. -In this experiment, a total of 66 strips was fixed to the dentitions of 12 students, but almost half the strips were lost during the nineday period. The highest dropout was found for FEP strips (59%) and on the lateral incisors (53%).
Differences in percentage of area covered by plaque between and among four materials. -The effect of the material on the in vivo plaque growth rate is illustrated in Fig. 1 . Per time-interval, the plaque area in general increased more on materials with higher s.f.e. After three days, only FEP showed a slower plaque growth; but after six and nine days, the materials with a low s.f.e. accumulated less plaque compared with those with a high s.f.e. The analysis of variance found no significant differences in plaque area between and among the four materials at day 3 (p = 0.17). However, significant differences were observed at day 6 and day 9 (p = 0.0001). The comparison of the four materials at each time-interval is illustrated in Table 2 . Least plaque was found on FEP, the most plaque on human enamel, and CA and PAR showed scores in between. Fig. 2 shows the plaque scores of the subjects who completed the total experiment. These longitudinal results, which show the same trend as the total data set, illustrate a decrease in plaque extension for FEP and CA after day 6. However, this decrease was not significant (p > 0.05).
Correlation between s.f.e and percentage ofplaque growth. -Based on the nine-day plaque scores, a positive Spearman rank correlation coefficient of 0.630 and 0.779, respectively, was found with and without PAR.
Discussion.
This study showed a positive correlation between the original substratum s.f.e. and the adherence of micro-organisms (n = 10, s = 6) (n = 10, s = 6) (n = 6, s = 4A Fig. 1 -The relation between plaque growth rate and s.f.e. The plaque growth on the four different substrata was scored after three, six, and nine days of undisturbed formation, and was expressed as the percentage of the total strip area covered by plaque. Indicated per time-intcrvals are (i) the adjusted least-square mean of the plaque scores per substratum and (ii) the number of observations (= n), and the number of subjects (= s). in vivo. On surfaces with a low s.f.e., significantly less plaque accumulation was observed than on surfaces with a high s.f.e. These results are in accordance with an in vivo cross-sectional study in which the influence of s.f.e. on plaque weight was examined (Glantz, 1969) , and with an animal study in which the number of adhered micro-organisms/cm2 on surfaces with different s.f.e. was counted (Van Dijk et al., 1987) . Also, numerous non-dental studies noted the association between the substratum s.f.e. and bio-adhesion (Grinnell et al., 1973; Baier, 1984; Crisp et al., 1985; Siochi et al., 1987) .
There are two explanations for the reduced plaque formation on surfaces with a low s.f.e.: (1) the lower binding force between bacteria and low s.f.e. surface, and (2) the selectivity in the bacterial adhesion.
The first statement is an accordance with the in vitro study of van Pelt et al. (1985) , which illustrated that the solid s.f.e. was directly related to the binding force of bacteria, rather than to the number of bacteria per surface area; with the in vivo study of Fletcher and Baier (1984) , who showed that green algae were easier to remove from surfaces with a low s.f.e. than with a high s.f.e.; and finally, with the in vivo study of Crisp et al. (1985) , who concluded that the force of adhesion of mussel byssus pads was a function of the substrata s.f.e.
The second statement is based on the formula of Absolom et al. (1983) in which the interfacial free-energy of adhesion was correlated with the solid-bacterium interfacial free-energy, the solid-liquid interfacial free-energy, and the bacterium-liquid interfacial free-energy. Based on this formula, in vitro studies Uyen et al., 1985) showed that bacteria with a low s.f.e. adhered in the highest numbers to low-energy solids, whereas bacteria with a high s.f.e. adhered better to highenergy solids. This selectivity in the bacterial adhesion has also been illustrated in an earlier in vivo study . Since 80% of the early bacterial plaque in man consists of the Streptococcus sanguis, Veillonella parvula, and (in lower concentration) S. mitis (Syed and Loesche, 1978) , from which the first two have a high s.f.e. , the reduced plaque growth on FEP, CA, and PARsubstrata with a low s.f.e. -could be expected.
When different substrata were exposed to the oral cavities of beagle dogs, it was noticed that the formed pellicle markedly affected the substratum s.f.e.; low s.f.e. values increased, whereas higher values decreased (Van Dijk et al., 1987 , 1988 . However, our study and the results from the study of Van Dijk et al. (1987) suggest that the original substratum s.f.e. retains an influence on bacterial adhesion. This phenomenon was no-a00 N 25 J Dent Res May 1989 0 ticed previously in vitro by Schakenraad et al. (1986) for the adhesion of human fibroblasts to serum-coated substrata; by Dexter and Lucas (1985) for bacterial adhesion to an adsorbed multi-component organic layer; and by Pratt-Terpstra et al. (1987) for bacterial adhesion to albumin-coated surfaces. Possible explanations for this finding are: (1) the fact that the adsorbed pellicle itself provides a means of information transferral that could be due to differences in the molecular compositions of the adsorbed protein layers, differences in the conformation of adsorbed molecules, differences in the time constants of the adsorption process, or a combination of the above possibilities (Dexter, 1979) ; (2) differences in the amount of adsorbed molecules; and (3) differences in the surface coverage, i.e., the presence of either a continuous film or a patchwork pattern (Hlady et al., 1986 ). The exact s.f.e. values for the different materials after being coated with saliva have not been mentioned in the present work since these scores depend on too many methodological factors, such as rinsing before strip removal, duration of coating, type of coating, contamination with bacteria, degree of dehydration, etc.
Surface roughness is known to have an even more important influence on the plaque growth than does the s.f.e. , which explains why PAR did not completely fit our conclusions. Indeed, at the end of our experiment, 50% of the PAR strips were shriveled up.
The reduction in plaque scores at day 9 (Fig. 2) for FEP and CA can be explained by the fact that the plaque thickness increased so much that the occasionally high shear forces operating in the oral cavity caused detachment of plaque at the pellicle-bacteria or substratum-pellicle interface.
